Infections with several flatworm parasites represent group 1 biological carcinogens, i.e. definite 65 highlights the role in virulence that liver fluke growth factors play in biliary tract morbidity 66 during chronic opisthorchiasis.
48 causes of cancer. Infection with the food-borne liver fluke Opisthorchis viverrini causes 49 cholangiocarcinoma (CCA). Whereas the causative agent for most cancers, including CCA in the 50 West, remains obscure, the principal risk factor for CCA in Thailand is opisthorchiasis. We 51 exploited this established link to explore the role of the secreted parasite growth factor termed 52 liver fluke granulin (Ov-GRN-1) in pre-malignant lesions of the biliary tract. We targeted 53 the Ov-grn-1 gene for programmed knockout and investigated gene-edited parasites in vitro and 54 in experimentally infected hamsters. Both adult and juvenile stages of the liver fluke were 55 transfected with a plasmid encoding a guide RNA sequence specific for exon 1 of Ov-grn-1 and where ~10 million people are infected with the parasite (1). There is no stronger link between a 96 human malignancy and a parasitic infection than that between CCA and infection with O. 97 viverrini (2). In endemic regions such as Northeastern Thailand, infection causes hepatobiliary 98 diseases including cholangitis and periductal fibrosis -a major risk factor for CCA (3). The north 99 of Thailand suffers the highest incidence of CCA in the world, often exceeding 80 cases per adjacent motif sequence (PAM) in exon 1 of Ov-grn-1 ( Fig. 1b; Supplementary Fig. 1b ). Adult 138 O. viverrini flukes recovered from experimentally infected hamsters were subjected in vitro to 139 square wave electroporation (8) in the presence of pCas 9-Ov-grn-1 DNA, and thereafter 140 maintained in culture for three weeks. The activity of CRISPR/Cas9 was evaluated by two 141 approaches.
143
First, quantitative PCR (qPCR) was employed, which relies on the inefficiency of binding of a 144 primer (here termed OVR-F) overlapping the target genomic sequence of the gRNA, i.e. where 145 mutations are expected to have occurred, compared to the binding efficiency of flanking primers, 146 i.e. outside the mutated region (16, 17) (flanking primers termed OUT and OUT-R) (Fig. 1b ).
147
Genomic DNA (gDNA) templates were investigated by quantitative PCR to quantify the 148 efficiency of programmed gene-editing at the target locus; the ratio between the OVR-OUT-R 149 products and OUT-F-OUT-R products provided an estimate of the amplification fold-reduction 150 in the sample of CRISPR/Cas9-edited compared to gDNA from control, wild type liver flukes at 151 the target sequence of the sgRNA, i.e. the annealing site for the OVR primer. A reduction in 152 relative fold amplification of 2.7% was detected in gDNA from the Cas9-treated worms (Fig. 1e;  153 Supplementary Fig. 1c ).
155
Second, to identify and quantify the mutations that arose in the genome of Ov-grn-1-edited 156 (termed ΔOv-grn-1) flukes, we used an amplicon-sequencing approach. A targeted (amplicon) 157 sequence library was constructed from genomic DNA from some of the flukes. A 173 bp 158 fragment spanning the predicted double stranded break site of Ov-grn-1 was amplified from the 159 gDNAs primed with oligonucleotides flanking 1496-1668 nt of Ov-grn-1. Adaptors and barcodes 160 were ligated into these amplicon libraries. The MiSeq libraries were undertaken by Illumina 161 MiSeq-based deep sequencing. Insertion-deletion (INDEL)/mutation profiles in the sequence 162 reads were compared in multiple sequence alignment with wild type reference template sequence 163 (1496-1668 nt) of Ov-grn-1. Each amplicon was sequenced on the MiSeq Illumina platform and 164 quantified the gene editing frequency by the CRISPResso pipeline (18, 19 
175
Effects of gene editing on transcription and protein expression were investigated. Levels of both 176 Ov-grn-1 mRNA transcripts as determined by RT-PCR and of granulin, as detected by western 177 blot with anti-Ov-GRN-1 sera, fell significantly from days 1 and 2 after transfection, respectively 178 (P ≤ 0.0001; Fig. 1d , e; Supplementary Fig. 1c ). Expression levels of two reference genes, the 179 actin transcript ( Supplementary Fig. 1c ) and the Ov-TSP-2 tegument protein ( Fig. 1d ), were not 180 influenced by the programmed mutation of Ov-grn-1.
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Mutaion of liver fluke granulin attenuates infection-induced biliary tract morbidity
182
To investigate whether gene editing of Ov-grn-1 impacted in vitro indicators of pathogenesis, the 183 capacity of ES products from WT, mock-transfected and gene-edited flukes to drive proliferation 184 and scratch wound repair of the H69 human primary cholangiocyte cell line was assessed. ES 185 from WT and mock-transfected adult flukes stimulated cell proliferation and wound closure 186 whereas an equivalent amount of ES products from ΔOv-grn-1 flukes resulted in significantly 187 reduced cell proliferation over the six day course of the assay (P ≤ 0.0001; Fig. 2a, b; 188 Supplementary Fig. 2a, b ) and significantly reduced in vitro wound closure over 36 hours (P ≤ 189 0.0001; Fig. 2c ; Supplementary Fig. 2c, d) , consistent with a reduction in the amount of Ov-190 GRN-1 secreted from the gene-edited liver flukes.
191
Notwithstanding the noteworthy effects observed with gene-edited, adult developmental forms, 192 the metacercaria (MC) (Fig. 3a) is the infective stage of O. viverrini for humans. Accordingly, 193 we investigated gene knockout in MC. No effect was apparent on Ov-grn-1 transcript levels in 194 MC, ( Supplementary Fig. 3 ), suggesting that delivery of the pCas 9-Ov-grn-1 by electroporation 195 through the MC cyst wall was ineffective. Exposure to bile acids and gastric enzymes results in 196 excystation of O. viverrini MC in the duodenum of the infected mammalian host. We mimicked 197 this process in vitro using trypsin to release the newly excysted juvenile worms (NEJ; Fig. 3b ), 198 after which NEJ were subjected to electroporation with CRISPR/Cas9 constructs as described for 199 adult flukes. Marked depletion of Ov-grn-1 transcripts (P < 0.0001) followed this manipulation 200 (Fig. 3c ).
202
In parallel, hamsters were infected, using gastric gavage, with 100 ΔOv-grn-1 NEJ or WT NEJ 203 immediately after electroporation. At necropsy of the hamsters two to three weeks later, it was 204 clear that ΔOv-grn-1 flukes had colonized the bile ducts in similar numbers to WT flukes, and 205 were similarly motile. Strikingly, the infection with ΔOv-grn-1 parasites failed to induce the 206 marked hyperplasia of the bile duct epithelia characteristic of infection with WT flukes.
207
Specifically, infection with WT flukes had induced markedly disordered, hyperplasic growth of 208 the epithelium adjacent to the parasites; at day 14, five times more than in uninfected controls (P 209 ≤ 0.0001) ( Fig. 3d) whereas infection with the ΔOv-grn-1 flukes ( Fig. 3e ) provoked 11-fold less 210 (P ≤ 0.0001) biliary hyperplasia than WT fluke infected livers (day 14, 145% thickening 211 compared to uninfected controls; P ≤ 0.01) ( Fig. 3g ). Indeed, the bile ducts from hamsters 212 infected with the ΔOv-grn-1 flukes generally resembled those of the control, uninfected hamsters 213 (Fig. 3f ).
214
To assess long-term survival of ΔOv-grn-1 NEJ in hamsters and associated chronic biliary 215 morbidity, hamsters were infected with ΔOv-grn-1 and WT NEJ, and adult flukes were 216 recovered and counted from the livers 60 days post-infection. Similar numbers of worms were 217 recovered from both control and gene-edited liver fluke-infected hamsters (Fig. 4a ). To assess 218 the impact of infection with ΔOv-grn-1 on markers of chronic opisthorchiasis such as biliary 219 fibrosis, liver sections from infected hamsters were stained with Picro-Sirius Red to detect 220 collagen bundles in the biliary tract ( Fig. 4b ). Minimal deposits of collagen were seen in the 221 periductal regions of the biliary tract of the control, uninfected hamsters whereas hamsters 222 infected with WT flukes had thick bands of collagen surrounding enlarged bile ducts in the 223 vicinity of the flukes. Significantly less collagen (28%) was detected in periductal sites of the 224 biliary tract infected with ΔOv-grn-1 flukes (P < 0.001) compared to livers of hamsters infected 225 with WT flukes (Fig. 4b, c ). To further assess fibrosis in hepatobiliary tract, we stained for 226 smooth muscle actin (ACTA2), an established marker of hepatic fibrosis (20), by probing thin 227 6 tissue sections with anti-ACTA2 antibody. Livers of hamsters infected with WT flukes showed 228 densely packed collagen fibrils that stained for ACTA-2 in periductal regions proximal to the 229 parasites. In contrast, livers from hamsters infected with ΔOv-grn-1 flukes displayed an irregular 230 distribution of less dense collagen fibrils with less ACTA2-specific fluorescence ( Fig. 4d ; 231 Supplementary Fig. 4 ). The intensity of ACTA2-specific fluorescence was quantified by 232 measuring fluorescence intensity; livers from ΔOv-grn-1 fluke-infected hamsters showed 94% 233 reduction (P <0.01) of median fluorescence values relative to controls infected with WT flukes 234 ( Fig. 4e ).
235
Despite reaching high levels of significance, the data range was high for both markers of 236 collagen deposition assessed. We hypothesized that this was likely due to inconsistencies in the 237 electroporation-mediated delivery of the CRISPR/Cas9 constructs between individual flukes. We 238 therefore collected ΔOv-grn-1 and WT flukes from hamster bile ducts 60 days post-infection and 239 assessed Ov-grn-1 gene expression from individual flukes ( Fig. 4f ). We then separated flukes 240 into three groups based on Ov-grn-1 mRNA expression levels: >100% relative to WT average; 241 10-100% relative to WT average; <10% relative to WT average. We pooled genomic DNA from 242 flukes to form the three groups described above and assessed mutation frequencies. In line with 243 the Ov-grn-1 mRNA expression profiles, ΔOv-grn-1 flukes where gene editing appeared to be 244 relatively inefficient (i.e. >100% mRNA expression relative to WT average) had an average 245 mutation frequency of just 0.7%, whereas ΔOv-grn-1 flukes where gene editing appeared to be 246 moderately efficient (10-100% mRNA expression relative to WT average) had an average 247 mutation frequency of 3.2%; ΔOv-grn-1 flukes where gene editing appeared to be highly 248 efficient (<10% mRNA expression) had an average mutation frequency of 4.6% (Fig. 4f ). The 249 combined mutation frequency was 2.7% ( Fig. 4f ), notably similar to the 2.7% mutation rate 250 detected when ΔOv-grn-1 flukes were cultured in vitro for 21 days ( 
252
In overview, we describe the first example of successful somatic gene editing of a parasitic 253 flatworm using CRISPR/Cas9. The results revealed that gene editing induced disruption of 254 expression of Ov-grn-1 in liver flukes, which in turn revealed a pathologically relevant 255 phenotype in the mammalian biliary tract. Following programmed gene editing, the lesion was 256 apparently repaired by non-homologous end joining. The bacterial Type II Cas9 system is active 257 in this liver fluke, and we conjecture that Cas9-catalyzed gene editing will be active in 258 trematodes and parasitic platyhelminths at large. As noted, whereas the causative agent for many 259 cancers, including CCA in the West, remains obscure, the principal risk factor for CCA in initiation cycle at 95°C for 3 min followed by 40 cycles of denaturation at 95°C for 30 sec, 365 annealing at 55°C for 30 sec, extension at 72°C for 45 sec and a final extension at 72°C for 10 366 min. The endogenous actin gene (GenBank accession AY005475) was used as a housekeeping 367 control (7, 24) (forward primer, Ov-actin-F: 5′-AGCCAACCGAGAGAAGATGA and reverse 368 primer Ov-actin-R: 5′-ACCTGACCATCAGGCAGTTC). The Ov-grn-1 transcript fold change 369 was calculated by 2^(-ΔΔCt) method using Ov-actin for normalization (7, 24, 29) . Means and 370 standard deviations were calculated using Graph Pad Prism software; two-way ANOVA.
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Rabbit anti-Ov-GRN-1 antiserum and immunoblot analysis 373 374
One milligram of adjuvanted recombinant Ov-GRN-1 protein (30) 
487
To assess the effect of Ov-grn-1 knockout on in vitro wound healing, 3x10 5 H69 cholangiocytes 488 in monolayer were grown in 6-well Trans-well plates with a 4 µm pore size. H69 cells were 489 cultured in complete media for 2 days at 37°C then transferred to incomplete media overnight.
490
Monolayers in each well were scratched using a sterile 200 µl autopipette tip (7, 8, 35 ) and 491 washed with PBS twice to remove disconnected cells or debris. Ten transfected adult or control 492 flukes were added to the upper chamber of the Trans-well plate containing the wounded cell 493 monolayer in the lower chamber. The migration rate of cell wound closure was measured at 0, 494 12, 24 and 36 hours, respectively. Trans-well plates were imaged using an inverted microscope 495 (Nikon) and images of all groups were captured at all-time points quantitatively using Adobe 496 Photoshop CS6. The distances between different sides of the scratch were measured by drawing 497 a line in the middle of the scratch on the captured image (7, 8, 35, 36) . The analysis of wound 498 healing was carried three times. 
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Infection of hamsters with Ov-grn-1 gene-edited NEJs and assessment of hepatobiliary
554
Fibrosis was also assessed via levels of smooth muscle alpha-actin (ACTA2). Liver sections 555 from hamsters at day 60 post-infection were deparaffinized three times with 100% xylene, 5 min 556 each. Sections were rehydrated with ascending series of ethanol; 100%, 3 times, 3 min each, 557 95% 3 times, 3 min each, 70% for 3 min, followed by thorough washing in tap water for 5 min, 558 distilled water for 5 min, and PBS for 5 min. Thereafter, slides were incubated in citrate buffer 559 pH 6.0 (citric acid (anhydrous) 1.92 g and Tween 20 0.5 ml in total volume of DW 1000 ml) at 560 110°C for 5 min, allowed to cool for 20 min, and then washed in PBS 3 times, 5 min each. knock-out (ΔOv-grn-1: 10-70% Ov-grn-1) and 10 flukes with little or no effect (ΔOv-grn-1: Ov-748 grn-1 100-120%). The mean mutation frequency amongst the three ΔOv-grn-1 sub-groups was 749 2. 7%.   750  751  752  753  754  755  756  757  758  759  760  761  762  763  764  765  766  767  768  769  770  771  772  773  774  775  776  777 Supplementary Figure S3 
